We consider the effect of a background dielectric on the steady-state propagation of a laser pulse through inhomogeneously broadened two-level atoms embedded in the dielectric. Because this problem apparently does not admit of analytic solutions, we have solved it numerically. A comparison of our results with the known analytic solutions for the homogeneously broadened atomic line shows that the two are similar. It seems that the new numerical solutions, unlike those for the homogeneous line, are not factorable, a fact to which we ascribe the difficulty in finding analytic solutions. We have found that as the atomic line broadens, the pulse widens and its height decreases, maintaining its area virtually constant.
INTRODUCTION
By Kerr nonlinearity we understand the effect that the background dielectric has on a pulse propagating through two-level atoms that are embedded in it. In the present study the nonlinearity of the dielectric manifests itself through the quadratic dependence of its index of refraction on the electric field of the pulse. Such a dependence has been considered in classical physics and is known to give rise to the Kerr effect.' Eberly and Matulic 2 were the first to consider the effect of the Kerr nonlinearity on steady-state pulses in absorbers. They found that stable shape-preserving pulses of the type seen in self-induced transparency also exist in such media and that they must always exhibit phase modulation (or chirping). They considered only homogeneously broadened absorbers, because only in this case can the equations of motion describing the pulse-atom interaction be solved analytically. On the other hand, several attempts to solve analytically the equations for inhomogeneously broadened absorbers have led to contradictions. 2 3 In this paper we report some results of a numerical study of the propagation of a single pulse in inhomogeneous absorbers in the presence of a nonresonant nonlinearity of the Kerr type.
BACKGROUND
In the semiclassical approach to the problem of light-atom interactions we can use the slowly varying amplitude and phase approximation to write the equations governing this interaction in the following compact form:
(1d) (le)
These equations describe the steady state of the pulse propagation, which is expected to be achieved after the pulse has penetrated several Beer's lengths into the medium. In that situation the atomic varibles u, v, and w and the field variables Q and p depend on space and time only through the local time variable r = t -z/V, where V is the velocity of the pulse. In Eqs.
(1) the overdots indicate differentiation with respect to t. We see from Eqs. (la)-(lc) that the atomic variables must also depend on the parameter A, which represents the detuning of the individual atomic transition frequency o relative to the carrier frequency of the laser beam WL, i.e., A = -WL. The Rabi frequency Q is defined as 2pE/ h, where p is the atomic dipole moment and e is the slowly varying envelope of the pulse, while 0 represents its slowly varying phase. It is important to note that in Eqs. (id) and (le) the angle brackets represent the averaging of u(~, A) and v(t, A) over the inhomogeneous atomic line-shape function
, normalized in such a way that
Consequently the field variables Q and 0 are independent of the detuning A. The quantity v has the dimensions of frequency, and it depends on the properties of the medium. Finally, the quantity 1 K, with the dimensions of time, represents the effects of the nonlinear interaction of the pulse with the background dielectric and is given by
(1c)
Equations (1) are valid only for small values of TK. In Eq. 
In all known materials the parameter # is a small quantity, of the order of 10-11 esu, 4 so that the term f3E 2 is much smaller than 1, even for large fields. Equations (1) have been solved only for the homogeneously broadened case, i.e., where g(A) = (A).
In the absence of the term in T K, Eqs. (1) describe the bare self-induced transparency that has been studied extensively. 2 In particular, it was found that it is possible to obtain a large set of analytic solutions of this system of integrodifferential equations by assuming that the out-of-phase component of the atomic polarization, v(t, A), is factorable, i.e., that it can be written as a product of a function of the local time r and a function of the detuning A:
corroborates our understanding that the system of Eqs. (1) has a unique solution for a given set of initial conditions. only one that has yet been produced in the laboratory. 5 6 All other solutions represent shape-preserving pulse trains, and, to the best of our knowledge, they have not yet been experimentally observed. Their experimental realization will most likely require special preparation of the atomic medium, which may not be easily achieved.
The factorization assumption, Eq. (5), does not work in the presence of the Kerr nonlinearity; that is, it has not been found to be helpful in obtaining analytic solutions and actually leads to contradictions. 2 3 Several attempts to find analytic solutions to Eqs. (1) have ended in failure, so we found it appropriate to solve them numerically.
NUMERICAL RESULTS
We have solved numerically the problem of single-pulse propagation in inhomogeneous absorbers in the presence of a Kerr nonlinearity, assuming that all the resonant atoms are initially in the ground state. This is the most easily realizable situation in the laboratory and, in the absence of the Kerr term, leads to the well-known hyperbolic-secant solution of McCall and Hahn. The solution of Eqs. (1) for atoms in a nonresonant dielectric for which fi is nonzero, for a sharp-line absorber, is essentially the same; the single major difference is that in the latter case the hyperbolicsecant pulse is always phase modulated (chirped), whereas in the former case this modulation is absent.
In our numerical studies, an important parameter is the standard deviation of the atomic line-shape function g(A), which we represent by . We have varied through a con- .~ ~~~~~~~ .. (as in Fig. 1 ). The atomic line shape g(A) is Gaussian, with standard deviation a. The chirp ¢ is magnified 25 times. asymmetric chirp when the Kerr dielectric is present. We conclude, therefore, that shape-preserving pulses may propagate through two-level absorbers even in the presence of nonresonant background dielectrics. An important difference between Kerr pulses and those of bare self-induced transparency, however, is that the former are not factorable.
We see this clearly in Fig. 3 , in which we show the ratio R v(, A)/v(, 0) along a portion of the r axis, for the case TK = 0.01 and a = 1.5. In the case rk = 0 the ratio R is constant with respect to , indicating that the factorization [Eq. (5)] holds; in the Kerr case this ratio is not strictly constant in t.
The presence of a small term in TK destroys the factorability of the absorptive component of the atomic polarization without preventing the formation of the pulse. We conclude that the factorization is not merely a mathematical ansatz but that it describes a particular physical situation, as evidenced by the pulses and pulse trains of bare self-induced transparency. In light of the analytical inconsistencies to which the factorization assumption leads, we understand how the numerical Kerr solutions do not display factorability: such solutions simply do not exist. We have seen, however, that Eqs. (1) do admit of nonfactorable solutions, which represent propagation of shape-preserving pulses in more complicated situations. We think that the original experiments of McCall and Hahn, with the pulses propagating in a ruby rod, may be examples of pulses described by the present theory.
In Figs. 4 (a) and 4(b) we have plotted QMAXt1/2 and fMAX t 1 / 2 against TK. Figure 4(a) indicates that QMAXt1/2 is virtually independent of TK (for small TK). Figure 4(b) shows that MAXt1/2 depends linearly on TK, a result that could have been expected from the analogous analytical behavior. and kMAXt4/2 on a (the width of the atomic line). The constancy of these quantities reflects the fact that the pulse Q and the chirp 0 broaden (and their maxima decrease) as the atomic line widens, maintaining a constant pulse area.
CONCLUSIONS
Summarizing, we can say that our numerical studies of the optical Maxwell-Bloch equations in which a Kerr term has been added show that the propagation of undistorted pulses through resonant inhomogeneously broadened absorbers in the presence of a nonlinear background dielectric is theoretically possible. These pulses exhibit similar properties to those propagating through media in which the dielectric is absent. Solutions for the absorptive component of the atomic polarization, however, are not strictly factorable, a fact that explains why such an assumption failed to produce self-consistent analytic solutions. 
